In this paper, two promising multi-megawatt wind turbines equipped with a doubly-fed induction generator-based partial-scale and a permanent magnet synchronous generator-based full-scale two-level power converter are designed and compared. Simulations of the two configurations with respect to loss distribution and junction temperature variation for the power device over the entire wind speed range are presented and analyzed both for normal operation and operation with various specific grid codes. It is concluded that in both partial-scale and full-scale power converters, the most thermal stressed power device in the generator-side converter will have a higher mean junction temperature and also junction temperature variation compared to the grid-side converter at the rated wind speed, and the thermal performance of the generator-side converter in the partial-scale power converter becomes crucial around the synchronous operating point and needs to be considered carefully. Moreover, reactive power injection directed by the grid codes will affect the thermal profile of the power semiconductors, especially at lower wind speeds.
Introduction
Over last two decades, the wind power industry has expanded greatly. Meanwhile, the European countries commit themselves to realize 20% of the total electricity production through wind energy by 2020 (1) . In response to the steady growth of the wind power demand, several significant trends emerge: The power level of a single wind turbine is increasing from dozens of kW up to 10 MW in order to obtain lower cost per kWh as well as increasing the power density of the system. The location of wind farm is moving from onshore to offshore to reduce environment impact due to land limitation and richer wind energy resources. Moreover, due to the higher cost after failure, the lifetime of wind power generation system is in turn prolonged to 20-25 years, which requires for a more reliable and durable wind power system (2) (3) . Unfortunately, the investigation of wind turbines in north Germany in time period of [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] indicates that the increasing power rating of the wind turbine will have a higher risk of failure (4) . Considering the failure rate and down time distribution within a wind turbine system, as shown in Fig. 1 , although the gearbox and generator have the longest down time, it is the power converters that in this survey dominate the failures (5) - (7) . Power semiconductors are nowadays playing a key role in power electronic system, and more and more efforts are devoted to the reliability characteristic. As different stressors distribution shown in Fig. 2 , temperature cycling is regarded as having the most significant impact (8) . It is widely accepted that the thermal profile of the power semiconductor is an important indicator of lifetime (9)-(19) and it has an influence on the lifetime. The power cycle numbers to failure (20) is relevant to the junction temperature fluctuation ΔT j as well as Fig. 1 . Distribution of failure rate and down time for different parts in a wind turbine system (5) Fig. 2. Stressors distribution in a power electronics system (8) c 2013 The Institute of Electrical Engineers of Japan. (20) the mean junction temperature T jm of power semiconductor, which is illustrated in Fig. 3 .
The scope of this paper is to analyze and simulate the thermal cycling of multi-MW partial-scale and full-scale power converter through an electro-thermal approach, and compare the power semiconductor junction temperature mean value and variation in order to do an initial reliability assessment. First, the typical configurations for variable speed wind turbine system will be introduced. Then, the basic design of the wind power converter as well as the relevant grid codes will be described. Finally, loss distribution and thermal analysis will be presented and compared in respect to the power device performance for the two different configurations.
Typical Wind Turbine Configurations
Due to the extensive and well-established knowledge, as well as the simpler circuit structure and fewer components, the two-level back-to-back voltage source converter is the most attractive solution in the commercial market of wind turbines (3) . The utilization of the power electronics in wind turbine system can be further divided into two categories, namely: a wind turbine system with partial-scale power converter and a wind turbine system with full-scale power converter, which both are illustrated in Fig. 4 .
Wind Turbine System with Partial-scale Power Converter
A popular wind turbine configuration, normally based on the Doubly-Fed Induction Generator (DFIG), is to employ a power converter rated approximately 30% of the nominal generator power in order to handle around 30% of the slip power. The topology is shown in Fig. 4(a) .
The power converter is connected to the rotor through sliprings and makes the rotor current as well as rotor speed under control, while the stator is linked to the grid without any decoupling. If the generator operates in super-synchronous mode, the electrical power is delivered through both the rotor and stator. If the generator is running sub-synchronously, the electrical power is only delivered into the grid from the stator.
The fraction of slip power through the converter makes this concept attractive from an economical point of view. However, the main drawbacks lie in the use of slip rings, and also an additional crowbar is needed to protect the generator-side The generator stator winding is connected to the grid through a full-scale power converter, which performs the reactive power compensation and also a smooth grid connection for the entire operating speed. Some variable speed wind turbine system may become gearless by introducing the multi-pole generator.
The elimination of the slip rings, simpler gearbox and full power controllability during the grid faults are the main advantages. However, in order to satisfy the power rating, the widely used approach nowadays is to implement several converter modules or power devices in parallel, which of course are challenging the complexity and reliability of the whole wind turbine system.
Operation of the Wind Turbine System
As shown in Fig. 4 , the partial-scale power converter is normally connected to a DFIG, while the full-scale power converter equips a Permanent Magnet Synchronous Generator (PMSG). For simplicity, these two configurations are named the DFIG system and the PMSG system, respectively. In order to evaluate and compare the thermal performance for the above two systems, a mathematical model and a simulation platform will first be established.
Wind Turbine Model
A 2 MW wind turbine system is used for the case studies. The energy transferred from the kinetic wind power to mechanical power can be expressed as (22) 
where ρ denotes the air density (kg/m 3 ), R denotes the radius of turbine blade (m), and v w denotes the wind speed (m/s). Depending on the blade pitch angle β and tip speed ratio λ, the power coefficient C p represents the aerodynamical transfer efficiency, whose maximum value can be obtained under optimal tip speed ratio.
The parameters of the wind turbine are summarized in Table 1 (23) . Also, the relationship between the wind speed, Fig. 6 shows a DFIG system that consists of a generator, a partial-scale power converter, a filter and a transformer. Since the stator is directly connected to low-voltage grid, the DClink voltage is set as low as possible seen from the power device lifetime point of view. Moreover, the filter inductance is designed to limit the current ripple within 0.25 p.u. (24) . Due to the DC capacitor decoupling, the power converter can be divided into the generator-side converter and the gridside converter. Each of the control schemes can be designed separately.
Power Device Selection in Two Different Systems
For the generator-side converter, one of the control objectives focuses on transferring produced active power to the grid. The other purpose is to provide the excitation current for the DFIG. The grid-side converter will keep the DC-link voltage fixed and meet the reactive power demand according to the grid codes. Furthermore, Space-Vector Pulse Width Modulation (SVPWM) is used to generate the switching signals for the power semiconductors in both converters. The typical PMSG system equipped with a full-scale power converter is shown in Fig. 7 , which consists of a generator-side converter and a grid-side converter. Compared to the DFIG system, the current through both converters will be much higher under the same power rating of the wind turbines, which means the selection of power devices in the two configurations will be quite different in order to realize similar power device loading. Nevertheless, the design method of the DC-link voltage and the filter inductance in the PMSG system can be referred to as the DFIG system.
Considering the control scheme of the generator-side converter, the current through the stator of the generator should be controlled to adjust the rotating speed for maximum power. On the contrary, the reference of the d-axis current is set to zero for minimum power loss (25) . For the grid-side converter, the outer DC-link voltage and inner current closed loop have the ability to perform a fast active power control performance and to control the injected or absorbed reactive power, which are almost the same as the grid-side converter in the DFIG system. As mentioned before, the produced power through the power converter semiconductors is quite different in the DFIG and the PMSG system. Consequently, it is important to select suitable power devices for both systems in order to obtain a fair comparison for the thermal loading.
It is assumed that the two systems are using the wind turbine system as illustrated in Table 1 . The typical parameters for the generators are summarized in Table 2 . The PMSG system is a direct-drive for multi-pole structure, while for the DFIG system, a gearbox is still required as a multi-pole lowspeed DFIG is not technically feasible. Table 3 . Two-level back-to-back power converter data
The most important data for the two-level back-to-back converter are listed in Table 3 . The switching frequency in both configurations and both converters are set to 2 kHz. The rated active power in the DFIG system is much smaller than the PMSG system, as only slip power flows through both converters. Based on the active power, together with the rated converter voltage output, the current in the converter needs to be calculated.
It is noted that in the DFIG system the rated current in the more unequal, while the situation is more equal in the PMSG system.
Furthermore, a parallel structure of multiple power components is a more used solution for multi-MW wind turbines today. Consequently, a common 1.7 kV/1 kA power device is selected. A single module in the grid-side converter and two paralleled modules in the generator-side converter are the solutions for the DFIG system, and four paralleled modules in both converters for the PMSG system are selected.
Grid Codes
Power system operators are challenged by the increasing wind power penetration level to maintain the stability and reliability of the power system. Consequently, grid codes are issued and updated by transmission system operators of the different countries (28) . Reactive power control in the power system is considered as an important aspect in normal operation. As a large number of wind farms are continuously being installed in remote area of the power transmission system, the weak connections demand the ability of reactive power supply in order to support the voltage regulation (29) . For instance, the German code has imposed additional specifications concerning the minimum active/reactive power requirement for offshore wind power application as shown in Fig. 8 , within a range of +/−5% around nominal voltage. 
Power Loss Distribution of the Systems

Power Loss Model
The power losses in the backto-back converter consist of the generator-side converter loss and the grid-side converter loss. They are mainly divided into the switching losses and the conduction losses (31) . Since no unbalance is taken into account in this paper, it is possible to consider the behavior of half of one leg in both power converters due to the symmetrical characteristic and the fixed DC-link voltage.
No matter what the current direction is, the switching losses in each switching period always contain one turn-on loss E on , one turn-off loss E off in the IGBT, and one diode recovery loss E rr . E on , E off and E rr are almost proportional to the DC-link voltage, thus the formula for switching loss in each power device P sw can be expressed as:
where f e denotes the fundamental frequency of output current, U * dc denotes the tested DC-link voltage, N denotes the total cycle numbers in each fundamental frequency, E on , E off and E rr denote the switching loss energy in each switching period when the switching current equals to the phase current |i a (n)|. E on , E off , E rr and U * dc can typically be directly acquired from the power device datasheets.
The conduction losses mainly lie in the IGBT and the freewheeling diode. The conduction power loss in each power device P con can be calculated as:
where v CE denotes the collector-emitter saturation voltage drop of the IGBT, v F denotes the forward on-state voltage drop of the freewheeling diode, T 1 (n) denotes the conduction time of the IGBT during n th switching period, which in line with the modulation strategies and the phase angle between phase current and phase voltage. T s denotes the switching period.
Power Loss Distribution under Normal Operation
Simulation of the power loss can be realized based on PLECS block in Simulink (32) . The simulation settings correspond to the design parameters shown in Table 2 and Table 3 . In addition, the simulation circuit runs at rated wind speed under normal grid condition and the power factor is set to unity. Fig. 9 and Fig. 10 indicate the loss distribution of each power semiconductor under the DFIG and the PMSG systems in terms of the generator-side converter and the grid-side converter, respectively. The name of the power semiconductors can be found in Fig. 6 and Fig. 7 .
Comparing the back-to-back power converter in both systems, the power losses dissipated in the generator-side converter are more equal. It is because the turn-on and turnoff loss of IGBT are higher than the recovery loss of freewheeling diode for the same current, from (2) the switching loss in the diode is always smaller. The conduction loss is mainly related to the power direction. At rated active power, the generator-side converter is operating as a rectifier, and therefore more conduction losses are seen in the freewheeling diode. On the contrary, the grid-side converter is operating as an inverter, where most of the conduction losses are dissipated in the IGBT, which results in an unequal loading.
For the DFIG and the PMSG systems, the power loss dissipated in the PMSG system is larger. The reason is that as summarized in Table 3 , the current through each power semiconductor is higher.
In order to investigate the loss behavior in different operation modes, several wind speeds are chosen with slip values from −0.3 to 0.2 in the DFIG system and the parameters are shown in Table 4 . It is noted that the wind speed at 8.4 m/s is regarded as the synchronous operating point as it is seen in Fig. 5 and also in Table 2 .
The power loss in the generator-side converter at different wind speed is shown in Fig. 11 . In order to avoid the extremely unbalanced power device loading at synchronous operating point, a small turbine speed hysteresis is introduced for minimum rotor frequency 1 Hz in the DFIG system (33) . The loss distribution of the IGBT and diode are illustrated in Fig. 11(a) . In the super-synchronous mode, the power loss increases with larger wind speed, and the growth rate is relatively slower since the larger slip, which will decrease the converter current. Regarding the conduction loss, it is noted that the conduction loss in the diode is dominating. However, in the sub-synchronous mode, the conduction loss in the IGBT is dominating. For the PMSG system, as shown in Fig. 11(b) , the power loss increases with the wind speed consecutively. The power loss in the grid-side converter at different wind speed is shown in Fig. 12 . For the DFIG system, the lowest power loss appears in the synchronous operating point due to the fact that no active power flow exist and only the switching ripple current affects, while the highest one appears at rated wind power. Furthermore, the IGBT suffers more loss in super-synchronous mode and the diode suffers more loss in sub-synchronous mode. For the PMSG system, the power loss increases with the wind speed consecutively.
Power Loss Distribution Considering Grid Codes
If the German grid codes as shown in Fig. 8 are taken further into account, additional power loss will be introduced by reactive power injection. In the DFIG system, because of the winding ratio of the induction generator, higher current amplitude and larger power angle shift will be induced in the grid-side converter than in the generator-side converter, which means the reactive power compensated from the generator-side converter is a better choice (34) . For the PMSG system, the reactive power compensation can only be injected into the grid-side converter.
Therefore, the power loss profile is illustrated in Fig. 13 in terms of under-excited reactive power, normal operation and over-excited reactive power. For the DFIG system, it is noted that, due to the excitation energy for the induction generator is supplied by the grid code, the under-excited reactive power will relieve the power loss in the power device, while over-excited reactive power will make the DFIG system more stressed. For the PMSG system, no excitation energy is required for the PMSG. Consequently, both the over-excited and under-excited reactive power will increase the power loss.
Thermal Analysis of the Systems
Thermal Model
As the thermal performance of the power devices are closely related to the reliability and the cost of the whole power converter system, a comparison of the thermal cycling of the DFIG and the PMSG systems will be investigated.
In order to describe the thermal behavior of the power semiconductors, an appropriate thermal model needs to be developed. The thermal models of single IGBT and the freewheeling diode are shown in Fig. 14 , and share the same design idea as discussed in (35) (36) , the thermal resistance R th will determine the steady-state mean junction temperature, and along with the thermal capacitance (function of time constant τ) will determine the junction temperature fluctuation.
The thermal impedance from the junction to case Z ( j−c) is modeled as a four-layer Foster RC network as depicted in Fig. 15 , whose parameters are collected from the datasheet of the power device. The case-to-heatsink thermal impedance is modeled as a simple thermal resistor, neglecting the much higher thermal capacitance due to the less significant dynamic behavior of the junction temperature and also obtain a faster thermal simulation. Meanwhile the heatsink-toambient resistance is considered small compared to the thermal resistance in the MW power converter. Furthermore, the ambient temperature is set to 50°C.
Thermal Cycling under Normal Operation
The simulation results of the junction temperature in each power Fig. 16 in which the converters run at rated power and in steady-state operation. It can be seen that the mean temperature of the diode is higher than the IGBT's in both the DFIG and the PMSG systems, and the thermal performance of the PMSG system shows more unequal distribution, where the difference of junction temperature between the IGBT and freewheeling diode is 12.4°C compared to 5.1°C in DFIG system. For the junction temperature of the grid-side converter, the thermal results of the DFIG and the PMSG systems are shown in Fig. 17(a) and Fig. 17(b) , respectively. It can be seen that the hottest power semiconductor device turns out to be the IGBT. Moreover, the junction temperature variation between the IGBT and the diode show more equal distribution.
A further comparison of thermal behavior for both systems with different wind speed is shown in Fig. 18 . For the generator-side converter, it can be seen that, in the PMSG system the mean junction temperature and the temperature fluctuation of the power semiconductors above rated wind speed are the highest all during the whole operation range of the wind. The hottest device is the diode in the whole wind speed range. In the DFIG system, the hottest device changes from the IGBT in the sub-synchronous mode to the diode in the super-synchronous mode. Moreover, the temperature fluctuation of the power semiconductors becomes crucial around synchronous operating point. Although the mean junction temperature is all higher in the PMSG system except for the region around synchronous operation as shown in upper Fig. 18(a) , at rated wind speed the temperature fluctuation in the DFIG system is even larger due to less frequency power cycling as shown in lower Fig. 18(a) .
Thermal Cycling Considering Grid Codes
As the most stressed power semiconductor decides the reliability and lifetime in a power module, it is necessary to extract the thermal excursion of the most serious loading chips in both the DFIG and PMSG system considering German grid codes shown in Fig. 8 .
For the generator-side converter of the DFIG system as shown in Fig. 19(a) , the most stressed power semiconductor changes from the IGBT in sub-synchronous mode to the freewheeling diode in super-synchronous mode. It is also noted that the over-excited reactive power requirement will impose thermal stress to the power semiconductor especially at synchronous operating point. For the grid-side converter of the PMSG system, the IGBT is the most stressed power semiconductor during the whole operating wind speed. The reactive power injection will induce higher mean junction temperature and junction temperature fluctuation. Moreover, the situation will become worse at lower wind speed due to the lower output active power but the same amount of the reactive power is demanded.
Conclusion
In this paper, platforms for the popular 2 MW two-level wind turbine configurations (i.e. partial-scale and full-scale power converter) are established in the PLECS/Simulink to simulate the power losses and the thermal load cycling. A comparison of the loss distribution as well as thermal loading in the DFIG and the PMSG systems are investigated when considering the grid codes.
For the partial-scale power converter configuration, the thermal behavior between the generator-side converter and the grid-side converter are quite different. The operation area above the rated wind speed range of the grid-side converter is significant from the thermal stress point of view, while the generator-side converter not only concerns the above mentioned case, but also the wind speed range around the synchronous speed operation.
For the full-scale power converter configuration, whatever generator-side converter or grid-side converter, the crucial thermal stress lies in the operation area above the rated wind speed range.
Moreover, comparing the most stressed semiconductor device, the generator-side converter is the most critical part for thermal stress of the two-level back-to-back converter.
Furthermore, the reactive power support to the grid will affect the power loss profile and thermal profile of the power semiconductors, especially at lower wind speed.
